Invadopodia are branched actin-rich structures associated with extracellular matrix (ECM) degradation that collectively form the invasive machinery of aggressive cancer cells. Cortactin is a prominent component and a specific marker of invadopodia. Amplification of cortactin is associated with poor prognosis in head and neck squamous cell carcinomas (HNSCC), possibly because of its activity in invadopodia. Although the role of cortactin in invadopodia has been attributed to signaling and actin assembly, it is incompletely understood. We made HNSCC cells deficient in cortactin by RNA interference knockdown methods. In these cortactin knockdown cells, invadopodia were reduced in number and lost their ability to degrade ECM. In the reverse experiment, overexpression of cortactin dramatically increased ECM degradation, far above and beyond the effect on formation of actin/Arp3-positive invadopodia puncta. Secretion of matrix metalloproteinases (MMP) MMP-2 and MMP-9, as well as plasma membrane delivery of MT1-MMP correlated closely with cortactin expression levels. MMP inhibitor treatment of control cells mimicked the cortactin knockdown phenotype, with abolished ECM degradation and fewer invadopodia, suggesting a positive feedback loop in which degradation products from MMP activity promote new invadopodia formation. Collectively, these data suggest that a major role of cortactin in invadopodia is to regulate the secretion of MMPs and point to a novel mechanism coupling dynamic actin assembly to the secretory machinery, producing enhanced ECM degradation and invasiveness. Furthermore, these data provide a possible explanation for the observed association between cortactin overexpression and enhanced invasiveness and poor prognosis in HNSCC patients. [Cancer Res 2007;67(9):4227-35] 
Introduction
The ability to degrade extracellular matrix (ECM) is a hallmark of invasive tumors and is thought to be essential for the movement of cancer cells through tissue barriers (1, 2) . At the subcellular level, ECM-degrading activity has been associated with finger-like, actinrich protrusions, known as invadopodia (3, 4) . Similar structures, termed podosomes, are formed by a number of normal cell types that need to cross tissue barriers or remodel matrix, including osteoclasts, smooth muscle cells, and macrophages (5) . Invadopodia and podosomes share many structural and functional characteristics, including a dependence on branched actin assembly and src kinase signaling, as well as common molecular components (4, 5) .
In many ways, invadopodia are similar to lamellipodia, which are two-dimensional branched actin-filled membrane protrusions that form at the leading edge of migrating cells and direct cell movement. In analogy to lamellipodia, branched actin assembly nucleated by the Arp2/3 complex is thought to be an initiating event for invadopodia formation (6) . Key actin assembly molecules that regulate invadopodia include N-WASp, Arp2/3 complex, WAVE1, cortactin, gelsolin, and cofilin (7) (8) (9) (10) (11) (12) (13) (14) (15) . However, invadopodia have a number of unique aspects, including the absolute dependence on src kinase signaling, the presence of focal adhesion proteins in the same location as branched actin, and the localization of active matrix degradation to sites of invadopodia formation (4, 5) . How the diverse processes of actin assembly, signaling, and membrane trafficking for protease secretion and cell-matrix adhesion are integrated to produce a functional ECMdegrading machine is poorly understood.
Tumor cells frequently overexpress matrix metalloproteinases (MMP) and this has been correlated with invasive capacity, metastatic potential, and/or poor prognosis in a number of cancers, including prostate, stomach, lung, colon, breast, ovary, thyroid, and head and neck squamous cell carcinoma (HNSCC; ref. 16 ). MMP-1, MMP-2, MMP-9, and MT1-MMP (MMP-14) have been most commonly identified with HNSCC and associated with disease progression (17) . The matrix-degrading capability of invadopodia has been mostly attributed to MMPs, including MT1-MMP, MMP-2, MMP-9, and metalloproteinases of the ADAM family (18) (19) (20) (21) . The serine proteinase seprase has also been linked to invadopodia function (4, 22) . MMPs are produced as proenzymes, and are either proteolytically activated en route to the plasma membrane from the trans-Golgi network (MT1-MMP) or after secretion (MMP-2 and MMP-9; refs. 20, [23] [24] [25] . The localization of ECM-degrading activity to invadopodia could be due to several factors, including protection from inactivators of proteinase activity (19) and the concentration of ECM-degrading proteases at invadopodia foci (7, 19, 21, 26, 27) .
Cortactin is an actin-binding protein that has been receiving particular interest in the invadopodia field (7, 9, 10, 28) . Cortactin was first identified as a prominent src tyrosine kinase substrate and was later shown to regulate Arp2/3 complex activity (29) (30) (31) . In addition to src kinase, Arp2/3, and actin filaments, cortactin binds a number of additional proteins, including dynamin2, N-WASp, WIP, Erk kinase, Shank, and MLCK (32) . The cortactin gene within the 11q13 amplicon is frequently amplified in a number of human cancers. Cortactin gene amplification has been tied to poor prognosis in HNSCC (33) (34) (35) . Consistent with a role in cancer aggressiveness, we and others have shown that cortactin promotes motility and invasiveness of cells (36) (37) (38) and regulates lamellipodial stability, membrane trafficking, and cell-cell adhesion (36, 39, 40) . In the majority of studies, cortactin function has been tied to regulation of Arp2/3 complex activity. However, many actions of cortactin are likely to involve interactions with the more than 20 cortactin-binding partners. In particular, cortactin has the potential to link several invadopodia processes, including actin assembly, src kinase signaling, and membrane trafficking (4, 10, 15, 28, 41) .
Cortactin has been shown to be a regulator of podosome/ invadopodia formation in osteoclasts, vascular smooth muscle cells, and breast cancer cells (7, 9, 28, 42) . The role of cortactin in invadopodia has been typically attributed to regulation of branched actin assembly, based on the fact that cortactin stabilizes Arp2/ 3-mediated actin branches and is a cofactor in Arp2/3 activation (29, 31) . We examined the role of cortactin in invadopodia function in HNSCC cells. Surprisingly, we find that cortactin is essential for invadopodia-associated ECM degradation and has a lesser effect on formation of actin-and Arp2/3-labeled invadopodia puncta (i.e., cells exhibit a reduced number of invadopodia). In addition, we find that cortactin regulates the secretion of invadopodia-associated MMPs: MMP-2, MMP-9, and MT1-MMP. Interestingly, inhibition of MMPs leads to a decrease in invadopodia actin puncta formation to a degree similar to that of cortactin shRNA. These data suggest that a major role of cortactin in invadopodia is to regulate the secretion of MMPs and that at least part of the reduction in invadopodia formation by cortactin may be due to interruption of a positive feedback loop from MMP activity.
Materials and Methods
Antibodies and chemicals. Antibodies against MMP-2, MMP-9, and MT1-MMP were from Chemicon International; anti-Arp3 has been previously described (43) ; monoclonal anticortactin antibody for immunofluorescence was 4F11 (Upstate); polyclonal anticortactin antibody for Western blotting was previously described (36) ; anti-h-actin was from Sigma (AC-74); anticyclophilin B antibody was from Alexis Biochemicals; and anti-apolipoprotein A1 (ApoA1) antibody was a gift from Larry Swift (Vanderbilt University). All fluorescently labeled secondary antibodies, phalloidin, and CellTracker Red were from Invitrogen. GM6001 and human recombinant tissue inhibitor of metalloproteinase-2 (TIMP-2) were from Calbiochem.
Construction of small interfering RNA and retroviral expression constructs. The 64-bp oligonucleotides containing sense and antisense sequences flanking a 6-bp hairpin have been described previously (36) . The 19-base sequence to construct pRetroSuper (pRS)-KD1 was targeted to nucleotides 552 to 570 of human cortactin, GCACGAGTCACAGAGAGAT. pRS-KD2 was constructed by targeting nucleotides 343 to 361 using the sequence AAGCTGAGGGAGAATGTCT. All oligonucleotides were purchased from Integrated DNA Technologies. The oligonucleotides were inserted into the pRS vector (a kind gift of Reuven Agami, Division of Tumor Biology, The Netherlands Cancer Institute, Amsterdam, the Netherlands; ref. 44) . Cortactin constructs for overexpression or reexpression were cloned into LZRS-Neo retroviral expression vector (45) . Phoenix 293 packaging cells ( from Garry Nolan, Department of Microbiology and Immunology, Stanford University, Stanford, CA) were maintained in DMEM supplemented with 10% heatinactivated bovine growth serum (Hyclone). Phoenix 293 cell transfection, viral harvest, and target cell transduction were done as previously described (45) . Cells were selected with 4 Ag/mL puromycin or 600 Ag/mL G418 for expression of pRS or LZRS, respectively.
Cell culture. The HNSCC cell lines SCC61 and SCC25 were obtained from Wendell Yarbrough (Vanderbilt University). Both cell lines were isolated from tongue squamous cell carcinoma tumors and considered aggressive, as defined by lack of response to radiation therapy and the presence of tumor-positive lymph nodes (46) . The SCC61 tumor was stage T 4x N 2BX and the SCC25 tumor was stage T 2 N 1 according to the American Joint Committee for Cancer Staging and End Result Reporting guidelines. SCC61 cells were maintained in DMEM supplemented with 20% fetal bovine serum (FBS) and 0.4 Ag/mL hydrocortisone. SCC25 cells were maintained in DMEM/F12 supplemented with 20% FBS. Primary human HNSCC tumors were obtained at the time of biopsy or surgical resection under institutional review board (IRB)-approved protocols (IRB 030062 and 050259). Tumors were washed in 1% povodine iodine and then digested with 0.05% trypsin for 3 h at 37jC (47) . Cells were strained to remove debris, washed, and cultured for the in vitro matrix degradation assay (described below).
Western blot analyses. For blots of whole-cell lysates, equal numbers of cells were lysed directly in 4Â Laemmli sample buffer [0.2 mol/L Tris (pH 7.0), 4% SDS, 20% glycerol, 0.16 mol/L DTT, and protease inhibitor cocktail (Sigma)], boiled, and separated by electrophoresis on 10% SDS-PAGE gels. For analysis of conditioned medium, samples were collected as for zymography (see below), but boiled in reducing Laemmli sample buffer and analyzed on 10% SDS-PAGE gels. Proteins were transferred to nitrocellulose and blocked in 5% milk in TBS + 0.1% Tween 20 (TBST). After the appropriate antibody incubations, blots were developed by enhanced chemiluminescence and exposed to X-ray film or scanned using the Odyssey Infrared Scanner. h-Actin and the noncytoskeletal protein cyclophilin B were used as loading controls (graphs in Fig. 2A and Supplementary Fig. S2A ; normalized using cyclophilin B levels). Densitometry was done using ImageJ software (NIH) or Odyssey software. All densities are shown as values normalized to cyclophilin B expression and then as percentage of expression of the pRS control.
In vitro matrix degradation assay. The matrix degradation assay was done as described by Chen et al. (48) . Briefly, fibronectin (BD Biosciences) was labeled with FITC (Sigma) by dialysis in borate buffer [0.17 mol/L borate, 0.075 mol/L NaCl (pH 9.3)]. The buffer was changed to PBS and dialyzed extensively for 3 to 4 days, followed by dialysis against 50% glycerol in PBS and storage at À20jC. To coat MatTek dishes, 2.5% gelatin/2.5% sucrose in PBS was heated to 37jC and added to the dish, followed by crosslinking with 0.5% glutaraldehyde in PBS. After ultracentrifugation at 70,000 rpm for 15 min to remove aggregates, a 50 Ag/mL solution of FITCfibronectin was prepared in PBS and incubated with the cross-linked gelatin in MatTek dishes in the dark for 1 h. The dish was sterilized with 70% ethanol, washed with DMEM, and equilibrated with invadopodia medium [DMEM supplemented with 20% FetalClone III (Hyclone) and 10% Nu- Microscopy and image analysis. Images were captured using a Nikon Eclipse TE2000-E wide-field fluorescent microscope equipped with a Â40 Plan Fluor 1.3 numerical aperture (NA) objective or a Zeiss LSM510 Meta with a Â40 Plan-NeoFluar 1.3 NA objective ( Fig. 1 ; Tumor 2; Vanderbilt Cell Imaging Shared Resource). At least 10 randomly chosen fields were imaged per trial. Image analysis was done using Metamorph. Invadopodia were manually counted and graphed as either number of invadopodia per cell or the percentage of cells with invadopodia. Invadopodia were defined as actin puncta that were also positive for either cortactin (Fig. 1) or Arp3 (all other figures). In addition, to be counted, invadopodia needed to be z1 Am in diameter. Cell area was determined by tracing the cell footprint of the h-actin channel and using region tools to calculate area. The calculation for cell area was compared between h-actin and the cytoplasmic dye, CellTracker Red, and found to not be significantly different (data not shown). Therefore, to be able to determine cell area and to visualize invadopodia in the same fluorescent channel, actin staining was used. Degradation area was determined by performing an inclusive threshold of the FITC channel to include the dark, degraded areas; then, region tools were used to calculate the thresholded area. Data were collected in an Excel spreadsheet and used to calculate degradation area per cell area.
Gelatin zymography. Samples for gelatin zymography were prepared as previously described (49, 50) . Briefly, 2 Â 10 5 cells were plated per well of a 24-well plate in complete growth medium. After overnight incubation, the cells were washed twice with PBS and 300 AL of serum-free medium was added to each well and incubated for various time points, up to 48 h. Control cell counting experiments were done to ensure that all cell lines had equivalent growth rates over the experimental time points and that equal numbers of cells were present in each well. A 40 AL aliquot of conditioned medium was mixed with nonreducing sample buffer [250 mmol/L Tris (pH 6.8), 25% glycerol, 10% SDS, and 0.01% bromphenol blue], incubated for 15 min at 37jC, and loaded in a 10% SDS-PAGE gel containing 0.25% gelatin. A positive control sample of medium containing 10% FBS was used. Following electrophoresis, the gel was washed twice for 15 min each in 2.5% Triton X-100 and incubated for either 24 h (Fig. 4A and B) or 48 h (Fig. 4C ) at 37jC in substrate buffer [50 mmol/L Tris, 10 mmol/L CaCl 2 (pH 7.6)]. After incubation, the gel was stained with 0.5% Coomassie blue R250 in 50% methanol, 10% acetic acid. Gels were destained briefly in 50% methanol, 10% acetic acid, and then in water. Areas of gelatinase activity appeared clear on the Coomassie-stained gel. Following destaining, gels were scanned using the Odyssey Infrared Scanner and densitometry was done using the Odyssey software. MMP levels for each data point are internally normalized to the levels of MMP for the zero time point on the same gel and thus plotted as the fold increase with respect to the levels at t = 0.
Fluorescence-activated cell sorting analysis. Cells (1 Â 10 6 ) were cultured overnight in a six-well plate, collected with 5 mmol/L EDTA in PBS, and surface labeled with an antibody against MT1-MMP and the appropriate AlexaFluor-488-conjugated secondary antibody. Specifically, cells were blocked with 3% BSA in TBST for 1 h, incubated with primary antibody, washed thrice with PBS, incubated with the appropriate AlexaFluor-488 secondary antibody, and washed an additional three times with PBS. To ensure surface labeling, all solutions were ice-cold and the cells were kept on ice during all incubation steps. Following staining, cells were fixed in 2% paraformaldehyde and kept in the dark until analysis. Control cells were stained in parallel with secondary antibody only to reveal background. Analysis was done using the LSRII Flow Cytometer (BD Biosciences) at the Vanderbilt University Medical Center Flow Cytometry Core Facility. The mean fluorescence intensity for the control cells (secondary staining only) was subtracted from the mean fluorescence intensity for each cell line, and the results are graphed as percentage of expression relative to the pRS [vector only control for small interfering (siRNA)] cell line.
Statistical analyses. Excel was used to calculate means and SE. Prism InStat was used to perform statistical tests of significance. Comparison between two groups (all figures except Supplementary Fig. S4 ) was done using the unpaired Student's t test. Multiple comparisons ( Supplementary  Fig. S4 ) were done by ANOVA. Statistical significance was set at P < 0.05.
Results
Primary HNSCC tumor cells form invadopodia and degrade ECM. We obtained primary tumor cells from patients Supplementary Figs . S1 and S2. C, in vitro matrix degradation assay with quantification of matrix-degrading capability (top ), percentage of cells with invadopodia (middle ), and number of invadopodia per cell (bottom ). Invadopodia were identified by puncta that exhibited double-positive staining for h-actin and Arp3. Quantification from three independent experiments, 10 to 12 fields for each cell line per experiment. Columns, mean; bars, SE. *, P < 0.05, compared with pRS control. An analysis of invadopodia diameter for control and knockdown cells is shown in Supplementary Fig. S2 .
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Cancer Res 2007; 67: (9 Fig. 1 ; information on tumor characteristics and clinical stage is available in Supplementary Table S1 ). Cells were considered to be positive for invadopodia formation if they had actin-rich puncta in the cell that also stained for cortactin and were overlying areas of cell-associated matrix degradation. Because some invadopodia are dynamic, especially in migrating cells (7, 14) , areas of degradation can also be seen that are no longer associated with corresponding invadopodia.
Cortactin promotes invadopodia-associated matrix degradation more than the formation of invadopodia. To test the role of cortactin in HNSCC invadopodia function, we switched to a more genetically tractable system than primary tumors-HNSCC cell lines. A retroviral shRNA expression system, pRS, was used to stably knock down cortactin in SCC61 HNSCC cells (Fig. 2A) . Both human cortactin-targeted siRNA sequences contained mismatches with the orthologous murine gene, to allow for rescue with mouse cortactin. Cortactin expression was almost completely abolished in two separate stable, polyclonal cell populations: pRS-KD1 and pRS-KD2. The LZRS retroviral expression system was used to overexpress (LZRS-CortFL) or reexpress mouse cortactin in the knockdown background (pRS-KD1/LZRS-CortFL; Fig. 2A) .
To test the role of cortactin in invadopodia function, HNSCC cells were cultured overnight on MatTek dishes coated with FITCfibronectin/gelatin substrate, and fixed and stained for invadopodia, this time with antibodies against h-actin and Arp3, because cortactin could no longer be used as an invadopodia marker in all cell lines ( Fig. 2B; Supplementary Figs. S1 and S2) . Expression levels for both h-actin and Arp3 were determined to be equal for all cell lines by Western blot analysis ( Fig. 2A) . Quantification of three measurements, ECM degradation per cell, the percentage of cells with invadopodia puncta, and the number of invadopodia puncta per cell, was done as described in Materials and Methods. Consistent with previous results (7, 9, 28, 42) , cortactin is important for invadopodia formation. The percentage of cells with Arp3-positive actin puncta is reduced by >2-fold in cortactindeficient cell lines and is slightly increased in cells that overexpress cortactin (Fig. 2C) . Quantification of the number of invadopodia per cell gives similar results to quantification of the percentage of invadopodia-positive cells (Fig. 2C) . To determine whether there was a change in the size of individual invadopodia, we also measured the diameter of invadopodia from control and cortactin knockdown cells and found that there was no difference (Supplementary Fig. S2) . Surprisingly, cortactin expression has a greater effect on invadopodia-associated ECM degradation than on the formation of invadopodia. FITC-fibronectin degradation is increased by 6-to 7-fold when cells overexpress cortactin, whereas cortactin-deficient cells completely lose the ability to degrade ECM (Fig. 2C ). This result is evident in multiple HNSCC cell lines (results from SCC25 cells shown in Supplementary Fig. S3 ; data from SCC47 and SQ20B not shown). The defect in cortactin knockdown cells is fully rescued by reexpression of cortactin ( Fig. 2; Supplementary Figs. S1 and S3 ). These data suggest that the role of cortactin in invadopodia may not be limited to the initial actin assembly phase but may also include regulation of ECM degradation.
Inhibition of MMPs phenocopies the effect of cortactin knockdown on invadopodia function. To test the role of ECMdegrading metalloproteinases in our system, we measured the ability of SCC61 cells to form invadopodia and degrade matrix in the presence of the general MMP and ADAM inhibitor GM6001. As shown in Fig. 3A and B, incubation of cells with 25 Amol/L GM6001 completely ablates matrix degradation by all of the cell lines. Surprisingly, GM6001 also reduces the ability of cells to form invadopodia, as measured by both the percentage of cells that form invadopodia and the number of invadopodia per cell (Fig. 3C  and D) . Strikingly, GM6001 reduces both invadopodia formation and ECM degradation in control cells to approximately the same level seen in cortactin knockdown cells, suggesting that cortactin may function in invadopodia to modulate MMP and/or ADAM proteinase expression or activity. To more specifically determine whether cortactin affects MMPs versus ADAM proteinases, control (pRS and scrambled oligonucleotide) cells were treated with 0.3 Ag/mL human recombinant TIMP-2, a biological MMP inhibitor that is not to our knowledge known to affect ADAMs (51, 52) . Both GM6001 and TIMP-2 gave equivalent results, including reduction in the number of invadopodia per cell (Supplementary Fig. S4 ). Thus, although we cannot fully rule out effects of cortactin on expression or activity of other ECM-degrading proteinases, such as ADAMs in invadopodia, our data point to MMPs as the most likely candidates to be regulated by cortactin. were plated per well for each corresponding time point in 300 AL of serum-free medium. At each time, the medium was collected. The zero time point is 40 AL of serum-free medium. Graphs, fold increase over the zero time point for MMP-2 and MMP-9 secretion from three independent experiments. Points, mean; bars, SE. *, P < 0.05, compared with control for that time point.
Cortactin promotes MMP secretion. To determine the role of cortactin in MMP activity in invadopodia, we quantified the relative levels of the major MMPs associated with invadopodia function in cortactin-manipulated SCC61 cells. First, we did Western blot analyses of whole-cell lysates and found no alteration in expression levels of MMP-2 or MMP-9 protein (data not shown). However, because MMPs function in the extracellular space, delivery to the plasma membrane and secretion is another potential mechanism for regulation of MMP activity. To test whether cortactin expression modulates MMP-2 and MMP-9 secretion, we did both gelatin zymography and Western blot analyses on conditioned medium samples collected from SCC61 cells. As shown in Fig. 4A and B, overexpression of cortactin causes an increase in the levels of MMP-2 and MMP-9 in 24-h conditioned medium samples, whereas cells that are deficient in cortactin had no detectable MMP-9 (Fig. 4B ) and very little MMP-2 (Fig. 4A) in 24-h conditioned medium samples. To rule out the possibility that changes in MMP-2 and MMP-9 levels were due to a process other than secretion, such as altered stability or increased degradation postsecretion, conditioned medium was collected over a 48-h time course and analyzed by zymography. MMP-2 and MMP-9 were detectable in control medium beginning at 8 h and accumulated steadily over time. By contrast, no MMP was detectable in cortactin knockdown conditioned medium at any of the time points, except for a small amount of MMP-9 at 48 h (Fig. 4C) . These data strongly suggest that cortactin knockdown cells have a MMP secretion defect. To determine whether cortactin affects secretion generally, conditioned medium from the 24-h samples was analyzed for the presence of ApoA1, a protein that is secreted by many cancer cells but is irrelevant to invadopodia (53) . Cells deficient in cortactin are also impaired for secretion of ApoA1, indicating that these cells may have a broad secretion defect phenotype (Supplementary Fig. S5 ).
MT1-MMP is a transmembrane metalloproteinase that has been closely connected to ECM degradation by invadopodia as well as to poor prognosis of tumors (16, 21, 54) . Examination of MT1-MMP expression by Western blot also showed that cortactin does not affect the overall MT1-MMP expression level in whole-cell lysates (data not shown). To detect changes in the trafficking of MT1-MMP, we stained cells for surface MT1-MMP expression and analyzed them by flow cytometry. Similar to the results with MMP-2 and MMP-9, cortactin knockdown cells exhibit a decrease, whereas cortactin-overexpressing cells (LZRS-Cort-FL and pRS-KD/LZRS-CortFL) show an increase, in MT1-MMP cell surface expression (Fig. 5) . Collectively, these data indicate that cortactin modulates the secretion and extracellular surface expression of key invadopodia-associated MMPs, including the transmembrane protein MT1-MMP.
Discussion
HNSCC is a particularly invasive type of cancer, with much of the morbidity caused from local invasion into vital structures such as central nerves and vessels concentrated in the neck and structures of the upper aerodigestive tract (55) . In this study, we examined the role of cortactin, a candidate oncogene in the 11q13 amplicon that has been tied to poor prognosis in HNSCC (34) , in invadopodia formation, and function in HNSCC cells. First, we find that primary HNSCC tumor cells make invadopodia, suggesting that invadopodia are not artifacts of established cultured cell lines. Second, in cortactin-manipulated cells, expression levels of cortactin correlate with both formation of invadopodia, defined as assembly of actin/ Arp3 puncta, and associated matrix degradation. However, effects on matrix degradation were more profound. In fact, knocking down cortactin expression was as effective in abolishing ECM degradation at invadopodia sites as the addition of MMP inhibitors, GM6001 or TIMP-2. Third, in cells manipulated for cortactin, it was revealed that secretion of MMP-2 and MMP-9, and surface expression of MT1-MMP, is dependent on the level of cortactin expression.
Cortactin is known as a regulator of branched actin assembly initiated by the Arp2/3 complex. However, it is probably not a primary activator of Arp2/3, but rather a stabilizing factor for branched actin filament networks (29) or a cofactor of WASp family Arp2/3 activators (29, 31, 36, 56, 57) . Consistent with those ideas, knockdown cortactin phenotypes are generally described as less pronounced than WASp phenotypes. This, however, depends on the fact that these phenotypes are evaluated almost exclusively on branched actin dynamics, such as in lamellipodial protrusion (36) . Therefore, our unexpected finding that in invadopodia the cortactin knockdown phenotype seems to be stronger than NWASp (14, 15) can be explained by the involvement of cortactin in MMP secretion, in addition to actin dynamics. Consistent with this explanation, siRNA knockdown of other factors known to regulate actin dynamics (e.g., N-WASp, p34Arc, Nck1, and cofilin; ref. 14) did not eliminate ECM degradation, like in cortactin knockdown cells, but only diminished it to the extent that invadopodia formation was decreased.
Invadopodia are thought to be important organelles for cell invasion; however, because the majority of studies have used breast and melanoma cancer cell lines (26, (58) (59) (60) it has been controversial whether invadopodia formation is an artifact of cultured cells and whether only limited types of cancers form these structures. Our results with primary HNSCC cultures show that primary tumor cells have the capacity to form invadopodia and broaden the types of cancer cells known to form these structures. Additional experiments are now needed to determine whether HNSCC cancer cells produce invadopodia in vivo, and whether they correlate with invasiveness. These experiments will require development of reliable techniques to visualize invadopodia in vivo. Research. We implicated MT1-MMP, MMP-2, and MMP-9 in the cortactinregulated ECM degradation phenotype. Based on the likely general secretion defect of cortactin knockdown cells, other ECMdegrading proteases could be involved. However, these are strong candidates, based on our MMP inhibitor data as well as studies from other investigators implicating these proteases in invadopodia function (7, 19, 26, 27, 59, 61) . Although we detected primarily the zymogen forms of MMP-2 and MMP-9 in conditioned medium, they are likely to be activated on the cell surface by MT1-MMP or other activators (26, 27, 62, 63) . It remains to be seen whether this activation occurs predominantly at invadopodia or elsewhere on the cell surface. However, regardless of the site of activation, active MMPs seem to concentrate at invadopodia sites because that is where matrix degradation is readily detectable in our assay. Importantly, MMP-2, MMP-9, and MT1-MMP have all been found to localize to invadopodia (7, 19, 21, 26, 27) , and active MMP2 and MMP9 have been found to be associated with either extracts of invadopodia-enriched membrane plus the underlying gelatin substratum (27) or cell membrane extracts (26) , respectively.
Secretion of invasive components such as MMPs that are necessary for invadopodia function is likely to occur by trafficking from the trans-Golgi network to the plasma membrane (20, 64, 65) , consistent with the observed reorientation of the Golgi in close proximity to invadopodia (8) . Cortactin could function at several points in this pathway. First, cortactin could be a core part of the secretion machinery, likely involved in vesicle budding and/or movement of vesicles away from the trans-Golgi network (41) . Such a general role for cortactin in trans-Golgi network to plasma membrane trafficking is consistent with our finding that cortactin affects secretion of both MMPs and the non-invadopodia protein ApoA1; that is, constitutive secretion itself seems to be abolished in cortactin knockdown cells. It would also be consistent with the recent finding that a cortactin-dynamin 2 complex regulates trafficking of the VSV-G model protein from the trans-Golgi network to the plasma membrane (41) . A second possibility, which is not mutually exclusive, is that cortactin may regulate stimulated exocytosis of secretory vesicles containing MMPs, perhaps by tethering them to invadopodia sites where cortactin is concentrated. Indeed, both MT1-MMP and MMP-9 seem to undergo stimulated secretion, for example, in response to concanavalin A and phorbol ester, respectively (63, 64) . Finally, it remains to be seen whether these possible roles of cortactin in secretion may synergize mechanistically with its reported role in favoring actin assembly and/or signaling in invadopodia (7, 10, 28, 42) . Future studies should address the exact mechanism(s) by which cortactin regulates secretion. For example, it is not clear why overexpression of cortactin leads to a significant increase in the secretion of all three MMPs examined in this study but not of ApoA1. These indepth analyses are worthwhile because they may shed light on basic mechanisms underlying the correlation between increased expression of cortactin and poor prognosis observed in patients with HNSCC (33, 34) .
Artym et al. (7) did a detailed analysis of invadopodia formation, including live cell imaging of tagged cortactin and MT1-MMP molecules. Based on those studies, they proposed a stepwise model of invadopodia formation in which cortactin is initially recruited to and marks early-stage invadopodia, followed by accumulation of MT1-MMP and ECM degradation. Our data are consistent with that model, but suggest that the primary role of cortactin in earlystage invadopodia may be to deliver MMPs for ECM degradation rather than to regulate actin dynamics. Similar to our finding with MMP inhibitors, Artym et al. (7) also found a decrease in invadopodia formation by inhibiting MT1-MMP with siRNA, supporting the idea that MMP activity in the extracellular space leads to new signals for invadopodia formation. The nature of the feedback signal is currently unknown, but might include activation of latent growth factors or other growth-mimicking products of ECM degradation.
In summary, we propose a model in which cortactin promotes the secretion of MMPs necessary for ECM degradation at invadopodia. Positive feedback from MMP degradation products may further drive the system to initiate formation of new invadopodia. Although cortactin is still likely to play a role in actin dynamics at invadopodia, the essential function in MMP secretion described here seems to drive high levels of ECM degradation and may provide one explanation for the association of cortactin overexpression with poor prognosis in HNSCC and other cancers.
